Abstract. The fire safety design of cross-laminated timber (CLT or X-Lam) in Europe is governed by the Construction Products Regulation and its essential requirements, as for all other building products. These requirements are mandatory, to be used in all European countries. They include classification systems for reaction to fire of building products, fire resistance of building elements, and structural Eurocodes. The reaction-to-fire performance of CLT in accordance with the European classification system is specified. Higher classes can be reached by chemical treatments, but the durability of the reaction-to-fire performance needs to be fulfilled according to a new European system. The fire resistance design of CLT building elements is not included in Eurocode 5, the structural Eurocode for timber, but can be either tested according to European standards or calculated by using design methods being developed recently. This article provides information about both reaction to fire and fire resistance of CLT in Europe. Furthermore, the importance of proper detailing in building design and in practice is stressed. Finally, performance-based design is introduced and some further research needs suggested.
INTRODUCTION
Cross-laminated timber (CLT) is an increasingly used engineered wood product with its origin in central Europe in the late 1990s. It has had a very rapid development and reached interest and acceptance in all Europe, partly because of its robustness and ease of use. It is now used in many building projects with medium-rise buildings and several high-rise buildings are being planned. A European product standard (prEN 16351) is planned to be approved earliest in 2019.
However, the fire issues are being discussed frequently and concerns have been raised about both life and property safety. This article summarizes the present situation in Europe with regard to the fire design of CLT. The following topics are covered:
Reaction-to-fire performance of CLT Load bearing capacity of CLT in fire Protection of CLT members by claddings Fire safe detailing of CLT structures Performance-based design of CLT.
The article starts with a brief overview of the European system for construction products and ends with the need of further research in the area of fire design of CLT.
EUROPEAN SYSTEM FOR CONSTRUCTION PRODUCTS
The European system for fire safety in buildings includes product standards, performance classes in case of fire, and testing and calculation standards for fire performance. The European standards for fire safety in buildings are concerned mainly with harmonized methods for verification of fire performance.
Essential Requirements in Construction Products Regulation
Common European performance-based requirements for construction products were introduced by the Construction Products Directive (CPD), which was adopted in 1988 and replaced by the Construction Products Regulation (CPR 2013) . CPR contains seven essential requirements, one of which is fire safety. The CPR requirements on fire safety are that structures must be designed and built such that in the case of fire:
The load bearing capacity can be assumed to be maintained for a specific period of time; the generation and spread of fire and smoke is limited; the spread of fire to neighbouring structures is limited; occupants can leave the building or be rescued by other means; and the safety of rescue teams is taken into consideration.
These essential requirements are implemented and detailed in European standards (see Fig 1) . The European system has to be used in all European countries, but the requirement levels in national building codes may vary.
CLT Fire Performance
Limitations of the reaction-to-fire class of surface linings are required in most national building codes and may not be fulfilled by wooden linings. Sprinklers may be used as an alternative design solution. But in the fully developed fire, ie after flashover in a room, the performance of both the load bearing and separating structures is important to limit the fire to the room of origin. High levels for separating and load bearing capacities can be achieved for CLT structures.
REACTION-TO-FIRE PERFORMANCE

Harmonization of Classification Systems for Reaction-to-Fire Performance of Building Products
Reaction to fire involves the response from materials to an initial fire attack and includes properties such as time to ignition, flame spread, heat release rate, and smoke production.
A European classification system (EN 13501-1) for the reaction-to-fire properties of building construction products was introduced in 2000. The system is often referred to as the Euroclass system and consists of two subsystems: one for construction products excluding floorings, ie mainly wall and ceiling surface linings, see Table 1 , and another similar system for floorings. Both subsystems have classes A-F of which classes A1 and A2 are for noncombustible products. Additional classes are defined for smoke, s1-s3, and burning droplets, d0-d2. This European system has replaced the earlier national classification systems, aiming to decrease the number of obstacles for international trading of products and services.
The European classification system for reactionto-fire performance is based on a set of EN standards for different test methods. Three test methods are used for determining the classes of combustible building products (see Fig 2) . For noncombustible products, additional fire test methods are used.
Reaction-to-Fire Performance of Wood Products
Products with known and stable performance may be classified as groups according to an initiative from the European Commission (Construct 2004) . This is a possibility for wood products that have a fairly predictive fire performance. Properties such as density, thickness, joints, and type of end use application may influence the classification. The procedure is called classification without further testing (CWFT) and is a list of generic products, not a list of proprietary products (Östman and Mikkola 2010).
The CWFT approach has recently been applied also to CLT (Commission Delegated Regulation 2017), which is classified as D-s2,d0 or D fl -s1 (for floorings) for thicknesses and densities over certain limits. These data have been approved by the European Commission and published in their Official Journal. 
Fire-Retardant Treatments for Wood Products
It is relatively easy to obtain an improved fire performance of wood products. Most existing fire retardants (FRs) are effective in reducing different reaction-to-fire parameters. The highest European and national fire classifications for combustible products can be reached (Östman et al 2010) . But for the fully developed fire, the influence is minor (Nussbaum 1988) . One exception is intumescent paints that may delay the time for start of charring and, thus, increase the fire resistance of timber structures. In any case, FRs cannot make wood noncombustible.
However, the excellent fire performance of the virgin FR wood products may degrade over time, especially in outdoor applications. When exposed to high humidity, the FR chemicals may migrate in the wood toward the surface and may ultimately be leached out. This problem has been known for a long time in the United States and the United Kingdom, but is not so well known in the rest of Europe. A literature review (Östman et al 2001) and studies on exterior exposure during up to 10 yr (LeVan et al 1986; Ostman et al 2017) have been published.
A European system with durability of reaction-tofire performance classes has been developed to guide the potential users to find suitable FR treated wood products (EN 16755 2017) . The system is based on a North American system and a previous Nordic system. It consists of a classification system for the properties over time of FRT wood and suitable test procedures.
LOAD BEARING CAPACITY OF FIRE-EXPOSED CLT
Fire design of timber structures is based on standard fire temperature design, ie predicting the decrease in the load bearing capacity when the structural element, ie a wall or a floor element, is exposed to standard fire. The standard fire time-temperature normally considers a duration of up to 120 min and covers a range of incident radiant heat fluxes between 0 and 175 kW/m 2 depending on the duration of exposure (Babrauskas 2005; Schmid et al 2017a) . In tests using compartments made from solid wood, it was shown that the temperature peak is not influenced by the additional fire load because of the combustible structure, but effects on the exterior were observed (Hakkarainen 2002; McGregor 2013; Medina Hevia 2014) . Following the design of timber members given in Eurocode (EN 1995-1-2), the load bearing behavior of timber members in general and CLT in specific is to be determined based on their behavior in standard fire. Design methods for CLT are available (Östman et al 2010) .
The load bearing capacity of timber members in fire can be determined using advanced methods, ie finite element or other numerical calculations, or simplified methods. The effective cross-section method allows the simplified design by following a two-step approach, where (1) the residual cross section is determined and (2) the load bearing capacity of this residual cross section is calculated. Both steps are presented in the literature, eg (Klippel et al 2016) , and some important background information and CLT-specific behavior concerning both steps are presented in the following paragraphs.
Charring Behavior of Timber with Respect to CLT Structure
The charring behavior of CLT may be different from the charring of homogenous timber panels because of the layered, glued composition and joints between the timber boards that can lead locally to increased charring. Many fire tests using standard fire exposure on CLT wall and floor elements have been performed in recent years and the charring behavior documented (Klippel et al 2016) . The charring behavior is usually described using the basic design charring rate for one-dimensional charring β 0 as reference. This basic design charring rate β 0 differs for different products according to EN 1995-1-2. Increased charring due to corner roundings or gaps can be considered by multiplying the basic design charring rate with coefficients k i that are greater than 1.0 to determine the notional charring rate β n . Recently, a general charring model was proposed by Klippel et al (2016) , which is very flexible and can easily be adapted and extended to calculate the char depth of any timber member exposed to fire. The description of this general charring model is shown in Eq 1.
Equation 1 is a general expression to describe the notional charring rate β n for a large range of timber products. This approach is based on a design charring rate β 0 determined in fire resistance tests and specified in EN 1995-1-2. For a specific product, most of the coefficients k i are equal to 1.0; eg for CLT, only four coefficients are used. In the design model, deterministic values are used.
When wood is exposed to real fires or exposed to controlled conditions represented by fire resistance tests, charring is subject to a variation. Charring models expect that the mean value is reported to assess the basic charring rate β 0 . However, the determined values are rarely specified (Lange et al 2014) . In the following, the variation of this important value is investigated as CLT as a plane element offers an ideal possibility to investigate the distribution of charring as overlapping heat flow effects at edges of beams or columns do not exist.
In general, charring may be reported as a result measured after the fire test; here, the time between termination and extinguishing of the fire has to be reduced to a minimum to minimize the effects of uncontrolled charring in an undefined environment. Another possibility is to measure charring by means of thermocouples during the test and assess the charring rate by means of the 300°C isotherm. In many test reports, a mean value based on thermocouple readings is given. It should be highlighted that the arrangement of the wires or tubes to measure the temperature is crucial for the validity of these measurements. As temperature measurements in a low conductive material such as wood are carried out with conductive metal temperature sensors; these shall be orientated parallel to the isotherms. Deviation may risk falsification of the temperature measurements.
To investigate the variation of charring of CLT, fire resistance tests have been performed on medium-scale CLT and solid timber deck plates (Schmid et al 2017b) . The specimens were exposed to standard fire for 60-130 min. The time between the termination of the tests and the extinguishment of the specimens with water was less than 90 s. Subsequently, the char layer was removed and the residual cross-section depth measured manually (see Fig 3) . The depth of the residual cross section was measured in a grid of 50 mm Â 50 mm and, thus, the depth of the char layer determined. The char layer depth was then divided by the time of fire exposure, which gives the one-dimensional charring rate. Figure 4 shows the one-dimensional charring rate; the outer 100 mm of the CLT panel was not considered to exclude side effects for Test 02. It can be seen that the charring rate is not constant. Table 2 and Fig 5 show the assessment of the charring rate for all Tests 01-03. A standard deviation for the charring rate of maximum 9% was determined, which has previously been found in other test series on glued-laminated timber beams as well (Frangi et al 2003) . It should be noted that the difference in the residual cross-section depth between the mean value and the highest determined char layer depth was 39.6 mm in the case of Test 02. The extended fire exposure of 130 min compared with most of the available test results leads to a considerable difference of the residual cross section and, thus, to the estimation of the load bearing capacity.
Load Bearing Capacity of CLT in Fire
Using the effective cross-section method, corresponding to fire design of timber beams and columns, a two-step approach is used to determine the load bearing capacity. After the estimation of the residual cross section for a requested time of fire exposure, the load bearing capacity of this residual cross section shall be determined. The effective cross-section method uses a layer with assumed zero strength or stiffness directly beyond the char line to compensate the losses of the residual section due to heat. Using this design method, material properties as at normal condition can be used for further design. Based on simulations, this idea was presented for glulam beams in the 80s (Schaffer et al 1986) , and the approach applied for CLT members based on testing and simulation was presented later . Determined depths of the zero-strength layer to compensate strength ðd 0;fm Þ and stiffness ðd 0;E Þ losses are presented for a large range of products with corresponding trend lines in Fig 6. The trend lines in Fig 6 were determined by means of simulations, which were verified with tests. A typical phenomenon corresponding to CLT exposed to fire is falloff of charred layers, ie failure of the adhesive between layers if the bond line reaches a certain temperature, usually the char temperature of 300°C (Schaffer et al 1986; EN 1995-1-2) . On one hand, the failure leads to increased charring as the virgin wood that comes to be exposed loses the thermal insulation of the charred lamellae. Consequently, its load bearing capacity is reduced faster. On the other hand, the sudden direct exposure after failure of the protective charred lamellae leads to a steep temperature gradient within the virgin wood. As a result, the weakened depth is reduced and, thus, the zero-strength layer is reduced as well (see Fig  7) . In Fig 7, the relative bending moment capacity M fi M 20°o ver time is used for an example (dashed black curve). Simulations resulted in a zero-strength layer of 11 mm for these specific CLT panels. As comparison, a curve is shown if Eurocode (EN 1995-1-2 2004) would have been followed, ie d 0 ¼ 7 mm would have been applied. The differences between the two result in an overestimation of the fire resistance of about 10 min. As continuous lines, the curves for M fi M 20°i n case of the loss of stickability (falloff) of charred layers to the CLT are shown. Although d 0 ¼ 7 mm is conservative in that case, a corresponding value to the actual temperature profile within the section would be 4 mm. However, as the loss of stickability cannot be guaranteed, it is not recommended to lower the zero-strength layer appropriate for CLT where no falloff of charred lamellae occurs.
PROTECTION BY CLADDINGS
CLT structures can be protected by claddings to limit fire spread and limit the contribution of CLT to the fire. Protected CLT does not have charring in the beginning of fire. Different charring rates apply depending on whether CLT is initially protected or unprotected from direct fire exposure. Charring starts more slowly behind a protective cladding (Phase 2, Fig 8) . When the cladding falls off, charring occurs with a much higher rate than that of initially unprotected wood (Phase 3, Fig 8) . The start time of charring t ch and the falloff time t f of claddings (see Fig 8) are, therefore, important parameters for the fire safety design of protected CLT structures. These times Figure 5 . Frequency of one-dimensional charring rate β 0 of three cross-laminated timber (CLT) medium-scale CLT panels tested in a 120-min fire resistance test using EN/ISO standard fire exposure. depend on thickness, density, and type of protective materials.
In Europe, rules describing protection by commonly used claddings as gypsum plasterboards and wood-based boards are published in Eurocode 5 Part 1-2 and handbooks. Protection provided by other boards and protection systems should be determined by testing. Eurocode 5 is presently under revision. Revised design rules are planned to be published in 2022.
Start Time of Charring
In the revised version of Eurocode 5, the component additive method described in Schleifer (2009) will be used for calculating the start time of charring. The method is based on summing protection times of cladding layers.
where Σt prot,i is the sum of protection times of i layers protecting timber members. The protection time of each layer is depending on the thickness and density of the material. The effect of preceding and backing layers of the considered layer are taken into account by position coefficients.
The protection provided by noncombustible panel products depends on several important interrelated properties: the thermal insulation of the board, the ability of the board to remain in place and not disintegrate or fall off after dehydration, the resistance to shrinkage, and the ability of the core material to resist ablation from the fire side during extreme fire exposure. Protection times are also used to take into account the contribution of the materials for the separating function of the construction.
Falloff Time of Protecting Claddings
Falloff of the board is depending on the placing and length of fasteners and thermal degradation of the board itself. The anchorage length of fasteners in uncharred wood can be easily calculated by using the charring in the protection phase. An anchorage length of 10 mm in the unburnt wood is the assumed limit to ensure that the board remains in place for the assumed duration of the protection phase. Falloff times due to thermal degradation can vary for different products and within different products of gypsum plasterboards, eg Type F (EN 520), but the To provide generic data for the gypsum plasterboards, independent of producers, a database of full-scale fire tests with gypsum boards was collected and analyzed (Just et al 2010) . The database consists of more than 400 full-scale test results from different fire laboratories, mostly all over Europe. The results in the database are based on visual observations during testing. It is assumed that the recorded failure time is always longer than the real one. This is due to the fact that very seldom, the observer watches through the furnace window and waits for the cladding failure.
Based on the database, conservative generic equations to calculate the falloff time and time to start of charring for gypsum plasterboards and gypsum fibreboards were generated, accounting for different products. The equations were published in the Technical Guideline for Europe (Östman et al 2010) .
Single layers of gypsum plasterboards, Type A (not fire rated boards), are assumed not to have a protection phase, see Fig 8. The start time of charring is considered to be the same as the falloff time of the board. However, for multiple layers of Type A, there is a clear time period between the start of charring and the failure time.
Protection provided by wood-based claddings is based on calculating charring of wooden-based boards. Charring rates differ from the ones of solid wood.
Fire Testing of Protecting Claddings
Producers of claddings should provide their own values of protection and falloff times. Design parameters for other claddings and also for specific products must be determined by a European standard (prEN 13381-7). It is favorable to determine the protection times of claddings by means of model-scale and full-scale testing. According to prEN 13381-7, falloff times are determined using thermocouples in full-scale fire tests with certain configurations.
A procedure is proposed for the revised Eurocode 5 Part 1-2 for determining falloff times of claddings, based on older full-scale test data, but existing test results should be handled carefully. Older fire test results may be used only if proved that product properties are not changed meanwhile.
K-Classes of Protecting Claddings
K-classes (EN 14135; EN 13501-2) are used as protection when charring should be avoided, ie mainly for load bearing structures in some countries. K-classes can be counted as start time of charring containing extra safety margin. K-classes are defined for 10-, 30-, or 60-min protection.
FIRE SAFE DETAILING FOR CLT STRUCTURES
A main principle within the European fire safety regulation of buildings is the limitation of the spread of fire and smoke to other compartments and neighboring buildings. For this fundamental requirement, the structural stability and the separating function of wall and floor elements represent the most essential capacities in the case of fire. Both criteria can be assessed either based on standardized fire tests, as listed in EN 13501-2 or by design standards, such as EN 1995-1-2 or additional technical guidelines (Östman et al 2010) . These methods normally do not, or just to a low extent, take into account any joints and junctions to neighboring elements or the influence of mounting parts and penetrations of service installations.
In general, for all constructions including CLT, three flame spread paths can be identified, as schematically depicted in Fig 9. These potential passes must be taken into account within the design process to ensure an overall fire safety:
I. joints in and between prefabricated plane elements II. joints in corner connections to other building parts III. joints resulting from service installations and penetrations.
In-Plane Joints of CLT Elements
Several research projects and producer-specific fire tests in recent years dealt with the assessment of CLT elements with respect to load bearing and separating function up to 90 min. In addition, analytical-based assessment methods (Östman et al 2010) can be used to design CLT elements when exposed to standard fire.
Besides the plane element itself and associated joints, standard fire tests can consider the influence of joints between CLT elements (see Fig 9, path I). To evaluate the performance of in-plane connections, the separating insulation integrity (EI) criteria are used to avoid that the temperature at the unexposed side increase more than 180°C in relation to ambient conditions and that hot gases ignite objects on the unexposed side. Some studies also investigate the smoke tightness as a third criterion that is not standardized so far.
The existing tests show that joints may lower the fire resistance and influence the smoke tightness in a negative way. Gaps resulting from fabrication inaccuracy or construction tolerances allow hot gases and smoke to pass through at overpressure conditions under fire exposure and reduce the fire resistance for the entire structure (McGregor 2013) . In this context, butt connections should be prevented. Joints with splines or step joints between the elements show sufficient fire resistance in comparison with the plane CLT elements, if the remaining cross section covered by an interior double spline, a step joint or an exterior spline is at least 2 cm (Teibinger et al 2013) (see Fig 10) . To improve the fire resistance and also smoke tightness, the use of an elastic joint sealant on both sides of the elements or the implementation and compression of a flexible mineral wool stripe is recommended (Hosser et al 2008) .
Corner Connections of CLT
Also for corner connections, the spread of fire and smoke to other fire compartments must be prevented. However, no standardized test method exists at the moment to assess the performance of fireexposed corner junctions. In general, the conducted tests show that the charring depths within the corner were less than the spatial elements (see Fig 10) . This aspect can be explained with the lower heat flux density at inside corners. In CLT wall to floor connections, elastomer vibration absorbers are often used. Fire tests with lined CLT wall elements and unprotected floors showed that these absorbers combined with a practical air tight sealing do not negatively influence the overall fire resistance (Teibinger 2011; Merk et al 2014) .
Service Penetrations and Mounting Parts
Until today, tested and approved solutions for fire safe service installations in timber structures are rare and only slowly reaching the market, even though they can be tested in accordance with EN 1366 series. Fire tests with sealing systems for cables and service pipes in CLT elements show that intumescent-based systems can fulfill the requirements on separation function for more than 90 min (Östman et al 2010; Teibinger et al 2012) . As a main concept to install multipenetration sealing systems, such as mineral wool boards, a noncombustible lining of the reveal area over the entire thickness of the separating element is recommended (Östman et al 2010) (see Fig 10) . For the installation of sockets and recessed electrical boxes penetrating a protective lining of CLT elements, also an intumescent coating in and around the penetrated area can be recommended to protect the timber from ignition.
PERFORMANCE-BASED DESIGN
In the field of fire safety engineering, performancebased design methods are increasingly used to demonstrate that building designs are safe. However, performance-based design is not commonly used for the design of timber structures as there are not many relevant assessment methods available (Östman et al 2010) . For assessment whether the design of a building meets certain criteria, design fires based on the building design are needed.
As timber is a combustible material, it may contribute to the fuel of a fire. Therefore, it is not possible to use general design fires for fire compartments with noncombustible materials, especially if large surfaces of timber are exposed.
Lack of knowledge about the contribution of CLT to a fire was previously identified as one of the main knowledge gaps for the realization of tall timber buildings (Gerard et al 2013) and existing knowledge has been compiled (Brandon and Ostman 2017) . Pragmatic zone models were also developed that make predictions of the fire duration, and fire temperatures of a compartment fire, based on its dimensions, ventilation conditions, and amount of timber exposed and protected (Hopkin et al 2011; Brandon 2016) .
Postflash Design Fires for Compartments with Exposed Timber
A first model to include the contribution of exposed CLT, which consisted of a simple singlezone model used in combination with heat transfer models for the compartment boundaries, was reported (Brandon 2016). However, as stated, improvements were necessary regarding temperature predictions within the timber so that such a model can function well in the decay phase. An improvement of the model is described by Hopkin et al (2011) and uses a thermal property framework that is effective to predict temperatures in parametric fires, with a decay phase.
Zone models are simple and pragmatic means of quantifying the variability of gas temperature as a function of time in small enclosures, relying on a straightforward conserving of mass and energy. For structural fire engineering purposes, where postflashover behavior is often the phase of interest, a single-zone model is often adequate. Energy is introduced within the control volume, typically, via the heat release rate of the variable fire load, eg the furniture within an apartment. Losses are by way of convective and radiative components to the atmosphere (via openings), and heat transfer to the enclosure. Any remaining energy is stored within the gas, leading to an increase in temperature.
The zone model concepts are well developed and subject to extensive coverage in the literature (Wickström 2016) . For the quintessential and common single-zone model, the derivation of the compartment time-temperature relation relies on the resolution of a straightforward energy balance. In a one-zone model, the heat stored in the gasses of the compartment is equal to the difference between the heat released within the compartment and the heat lost through openings and through the walls, floor, and ceiling. By assuming that the gas temperature is homogeneous in a postflashover compartment fire, which is reasonable for small compartments, the gas temperature can be calculated from the heat release rate of the variable fuel load. According to EN 1991-1-2, homogeneous temperature in compartments can be assumed for compartments with floor areas up to 500 m 2 .
Zone models require knowledge of the heat release rate of the variable fire load. Pragmatic relationships to predict the heat release rate of the variable fire load in postflashover fires in apartment buildings were given by Hopkin et al (2017) and validated using experimental results of fullscale compartment fire tests in which only the variable fire load combusted.
In the existing models that include the contribution of CLT to the fuel load of the fire (Hopkin et al 2011; Brandon 2016) , the heat release rate of solely the timber is determined from a predicted charring rate of exposed or protected timber, as shown in Fig 11. The studies showed that adding the heat release rate of CLT to the heat release rate of the variable fire load for the full fire duration leads to reasonable predictions of the fire temperatures and fire duration. The charring rates are determined using one-dimensional heat transfer models, which calculate the temperature profile in the wooden boundaries. As the timber is completely turned into char at approximately 300°C, the predicted temperature profile in the timber throughout the duration of the fire can be used to estimate the charring rate. Schmid et al (2016) showed that there is a practically constant ratio between charring rate and heat release rate. This ratio is used to determine the heat release rate of CLT from the calculated charring rates.
RESEARCH NEEDS
With regard to the load bearing capacity of CLT in fire, the model for protected timber members according to Eurocode 5 can be used to determine the residual cross section of CLT considering possible local falling off of charred layers during fire. However, the European model seems to deliver very conservative results for initially protected CLT panels by (ie gypsum plaster or gypsum fibreboards) and a fire resistance of more than 90 min. It was also concluded in the past that the accuracy of the char depth predictions decreases with increasing area of exposed CLT. Ongoing research aims to improve predictions for compartment fires involving falloff of charred layers of CLT or falloff of fire-protective cladding.
In addition, further research on the determination of the zero-strength layer as used in Eurocode 5 needs to be conducted to ensure a safe and easy-to-use fire design method of CLT and equally provide an economically and ecologically worthwhile use of the product.
Detailing such as connections and joints, and service installations all need more research. 
